Oncogenic retroviruses induce tumors in animals and humans, and they have been important models for understanding the molecular basis of oncogenesis. With respect to tumorigenicity, retroviruses can be divided into nonacute retroviruses and acute transforming retroviruses (reviewed in reference 26). Nonacute retroviruses have genome organizations typical of replication-competent retroviruses. They induce tumors relatively slowly, and a common mechanism is insertional activation of cellular proto-oncogenes (18, 26) . Acute transforming retroviruses induce disease rapidly and can frequently transform cells in culture. The high oncogenicity of acute transforming retroviruses has been associated with the presence of viral oncogenes, transduced cellular proto-oncogenes, in their genomes.
Jaagsiekte sheep retrovirus (JSRV) is the etiological agent of ovine pulmonary adenocarcinoma, a contagious lung cancer of sheep (15, 23) . The mechanism by which the virus causes oncogenic transformation of lung epithelial cells is still unclear. The genome sequence of JSRV reveals a typical betaretrovirus, with no evidence for a transduced cellular gene (35) , which would suggest that JSRV is a nonacute retrovirus. However, in vivo JSRV induces tumors quite rapidly (ca. 6 weeks) in experimentally inoculated newborn animals, and the resulting disease is generally multifocal-properties associated with acute transforming retroviruses (10, 29) . Members of our laboratory have shown that JSRV may have a novel mechanism for oncogenic transformation (20) . Transfection of JSRV DNA into mouse NIH 3T3 fibroblasts yields foci of morphologically transformed cells, a common assay result for oncogenes. Surprisingly, the transforming potential was found to be in the JSRV envelope gene-the gene encoding proteins of the viral envelope. The envelope protein of the closely related ovine nasal adenocarcinoma virus has also been shown to transform NIH 3T3 cells (3, 13) . In addition, avian hemangioma virus envelope protein has been shown to morphologically transform cells (4) .
The finding that JSRV envelope protein causes transformation raised several possibilities for the mechanism. One possibility may be that the envelope protein surface (SU) protein binds to its normal receptor on the exterior of the cell, leading to stimulation through the receptor of positive growth signals or inhibition of growth-suppressive signals. In this regard, the JSRV receptor has been identified as hyaluronidase 2 (HYAL-2), a glycosylphosphatidylinositol-linked cell surface molecule (25) . It is noteworthy that the human HYAL-2 gene is located on chromosome 3 in a region of common loss of heterozygosity in human lung cancer (3p21.3), so the HYAL-2 gene is a candidate tumor suppressor gene (24, 25) . A second possibility may be that the SU protein may bind to another cell surface protein and stimulate growth through that protein. For instance, the transforming protein (gp55) of the spleen focusforming component of the Friend murine erythroleukemia virus complex is an internally deleted version of a recombinant mink cell focus-inducing (MCF) envelope protein (14, 27) . Transformation of erythroid cells by spleen focus-forming virus results from binding of gp55 to the erythropoietin receptor, resulting in constitutive activation of signaling (19) . A third possibility may be that the cytoplasmic tail of the envelope TM protein binds to intracellular proteins, leading to growth stimulation. The cytoplasmic tail of JSRV TM is quite short (45 amino acids), and there are no discernible enzymatic domains such as protein kinases. However, JSRV TM protein contains one cytoplasmic tyrosine residue in a sequence motif (YRNM) that may potentially bind either phosphatidylinositol 3-kinase (PI3K) (YXXM) or growth factor receptor binding protein 2 (YXN) (22) . Mutational analyses indicated that the amino acids Y590 and M593 are necessary for transformation, but N592 is dispensable (22) . This suggested that JSRV envelope protein could transform cells by docking PI3K to the plasma membrane via SH2 domains in class I A PI3K regulatory subunits; in many systems, this leads to production of 3Ј-phosphorylated phosphatidylinositols (e.g., PIP3), followed by recruitment and phosphorylation of downstream signaling molecules (32) . Consistent with this, JSRV-transformed cells showed phosphorylation (activation) of Akt/protein kinase B (Akt/ PKB), a kinase that is downstream of PI3K (22) . The PI3K/Akt pathway has been implicated in several cancers and oncogenic systems. Avian and murine acute transforming retroviruses have transduced both Akt (v-Akt in the AKT8 murine lymphoma virus [6] ) and the p110 subunit of PI3K (v-P3k in avian S-7 virus [8] ). Amplification and/or overexpression of the Akt gene has also been reported in a variety of human cancers (33) .
In the results described here, we directly tested whether PI3K is involved in JSRV-induced transformation by using a variety of different approaches. We also characterized the subcellular localization of JSRV envelope in cells.
MATERIALS AND METHODS

Cells and transfection.
Mouse NIH 3T3 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% calf serum. Human 293T cells were grown in DMEM supplemented with 10% fetal bovine serum. Fibroblasts from embryos homozygous for null mutations in the PI3K regulatory subunit genes Pik3r1 (encoding p85␣, p55␣, and p50␣) and Pik3r2 (encoding p85␤) were grown in DMEM supplemented with 15% fetal bovine serum and 2 mM L-glutamine (Sigma). Cells used in this study were supplemented with penicillin (100 U/ml) and streptomycin (100 g/ml).
Fibroblast lines were derived from embryos of p85␣ Ϫ/Ϫ p85␤ Ϫ/Ϫ and wild-type (129 ϫ C57BL/6) mice. The establishment of these lines as well as embryonic fibroblasts from crosses of p85␤ ϩ/Ϫ mice will be described in detail elsewhere. In brief, the embryos were transferred onto gelatinized tissue culture dishes and the fibroblasts were immortalized after a few passages by way of a retroviral vector expressing simian virus 40 large T antigen. The genotypes of the cells were determined by PCR analysis. The generation of the p85␤ Ϫ/Ϫ mice has been described previously (31) . Restoration of p85␣ or p85␤ to the 785.2 cells was accomplished by infecting them with retroviral vectors (pBABE based) expressing either gene. One week after infection, cells were selected for 1 week by growth in medium containing puromycin.
Transfection was performed by using the CalPhos mammalian transfection kit (Clontech). For transient transfections, cells (4 ϫ 10 6 per 10-cm-diameter dish) were transfected with 28 g of DNA and cultured for 48 h after being washed with phosphate-buffered saline (PBS) and refed with growth medium. For indirect immunofluorescence assays (IFA), cells were seeded in 10-cm-diameter culture dishes with sterilized glass coverslips on the bottom and transfected as described above. The cells on the coverslips were used for IFA, and the remaining cells were subjected to Western blot analysis. For transformation assays, cells were cultured for 4 weeks after transfection with medium changes every 3 days, as described previously (20) . To inhibit focus formation in NIH 3T3 cells, the PI3K-specific inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one (LY294002; Calbiochem) was added at a final concentration of 10 M at every medium change.
To establish NIH 3T3 cells stably expressing the dominant negative mutant of p85 (⌬p85) (17) , ⌬p85 cloned into pcDNA3 (Invitrogen) was transfected into NIH 3T3 cells. The cells were cultured with 400 g of G418 (Sigma)/ml, and individual G418-resistant clones were picked and grown up. The clones were maintained in medium containing 200 g of G418/ml.
Plasmid constructs. The different JSRV envelope expression constructs used are shown in Fig. 1 . The pCMV3⌬GP expression plasmid for JSRV envelope was described previously (20) . pCMV3⌬GP(AgeI) contained an AgeI site inserted at the env gene stop codon by site-directed mutagenesis. To make pCMV3⌬GP (HA), sense and antisense oligomers encoding the influenza hemagglutinin (HA) peptide (YPYDVPDYA) were synthesized, annealed, and inserted into the AgeI site of pCMV3⌬GP(AgeI). Three pCMV3⌬GP(HA) mutants, pCMV3⌬GP (Y590F-HA), pCMV3⌬GP(N592T-HA), and pCMV3⌬GP(M593T-HA), were made by site-directed mutagenesis starting with pCMV3⌬GP(HA). To make pCMV3⌬GP(NruIendogenous), pCMV3⌬GP(AgeI) was digested with AgeI and NruI. Nucleotides corresponding to amino acids 577 to 611 of the endogenous molecular clone, pCMV2en56A1 (21) , and boiled for 3 min. The supernatant was collected after centrifugation for 1 min in a microfuge and used for SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
PDGF treatment. Recombinant human platelet-derived growth factor AA (PDGF-AA; R&D Systems) was used to stimulate NIH 3T3 cells. Cells were cultured in serum-free DMEM for 18 to 24 h and pretreated with or without Wortmannin (200 nM) or LY294002 (10 M) for 30 min followed by PDGF-AA (50 ng/ml) stimulation for 30 min. Cell lysates were subjected to immunoblot analysis.
Immunoblotting. Protein samples (10 to 30 g per sample) were subjected to SDS-PAGE and immunoblot analysis. To detect an HA epitope, HA tag polyclonal antibody (Clontech) was used as a first antibody (0.1 g/ml). To detect Akt/PKB and phosphorylated Akt, anti-Akt/PKB and anti-phospho-Akt1/ PKB␣(Ser473) or anti-phospho-Akt1/PKB␣(Thr308) (Upstate Biotechnology) were used as primary antibodies, respectively. Secondary antibodies appropriate for the species of primary antibodies were then used. We used rabbit anti-sheep (DAKO), goat anti-mouse (Caltag Laboratories), or goat anti-rabbit (Pierce) immunoglobulin G conjugated with horseradish peroxidase as a secondary antibody. Blots were visualized by SuperSignal West Pico chemiluminescent substrate (Pierce).
IFA. To analyze the localization of Env in the transfected cells, confocal IFA was performed. Cells on coverslips were washed with PBS, dried, and fixed with acetone. Fixed cells were incubated with polyclonal antibody to HA tag (50 ng/ ml; BD Biosciences Clontech) for 30 min at 37°C. After being washed with PBS, cells were incubated with goat anti-rabbit immunoglobulin G conjugated to fluorescein isothiocyanate (Santa Cruz Biotechnology, Santa Cruz, Calif.) for 30 min at 37°C and then observed by using a fluorescence microscope or a confocal microscope system MRC1024 (Bio-Rad, Hercules, Calif.).
ing site in JSRV TM is necessary for transformation, we wished to test the role of PI3K in JSRV transformation more directly. However, an appropriate antibody for JSRV TM protein is not yet available, so we could not test whether PI3K physically interacts with JSRV TM protein in transformed cells. We performed several experiments to directly test whether PI3K is involved in JSRV-induced transformation. First, we tested whether cotransfection with the ⌬p85 dominant negative expression plasmid could inhibit JSRV transformation (17) . ⌬p85 retains the ability to bind to phosphotyrosine residues in the YXXM consensus but does not form a dimer with class I A PI3K catalytic subunits. NIH 3T3 cells were cotransfected with pCMV3⌬GP and either p⌬p85 or pcDNA3.1(Ϫ) (the empty expression plasmid lacking the p85 sequences, as a negative control). After 4 weeks of culture, transformed foci were counted ( Table 1 ). The numbers of foci in cells cotransfected with pCMV3⌬GP and p⌬p85 (at three different concentrations) were essentially the same as those in cells cotransfected with pCMV3⌬GP and pcDNA3.1(Ϫ). These results were surprising, since they suggested that class I A PI3K is not necessary for JSRV-induced transformation.
One potential explanation for the results in Table 1 (20) . Addition of an influenza virus HA epitope at the carboxy terminus is indicated by stippled boxes. In chimeras in which corresponding sequences from an endogenous JSRV-related virus were substituted into the C termini of the cytoplasmic tails, the endogenous virus sequences are indicated by striped boxes. Individual amino acid substitutions are also indicated. R and U5, subregions of the long terminal repeat; LTR, long terminal repeat. a NIH 3T3 cells were cotransfected with pCMV3⌬GP and the ⌬p85 expression plasmid or with the pcDNA3.1 empty expression plasmid, and foci of transformed cells per 10-cm-diameter dish were scored after 4 weeks as described in Materials and Methods. The results from two experiments are shown. up and expressing pCMV3⌬GP did not also take up and express ⌬p85. Therefore, transfected NIH 3T3 cells that stably expressed the ⌬p85 expression vector were prepared as described in Materials and Methods. The efficiency of JSRV envelope transformation of several different ⌬p85-expressing clones is compared to that of equivalent pcDNA3.1-containing clones in Table 2 . While there was variation in transformation efficiencies between the different clones, there was no systematic decrease in transformation frequency for the ⌬p85-containing clones. To verify that expression of ⌬p85 in the stable transfectants led to inhibition of PI3K activity, clones were treated with PDGF, a known activator of PI3K, and phosphorylation of Akt was measured by Western blot analysis with an antibody specific for phosphorylated Akt ( Fig. 2A) . As expected, PDGF treatment resulted in the appearance of phosphorylated Akt in the parental NIH 3T3 cells. Two stable ⌬p85 transfectants (1 and 2) showed no phosphorylated Akt after PDGF treatment, indicating a lack of functional PI3K, as predicted. Interestingly, when transformed foci from stable ⌬p85 transfectants were picked, they showed phosphorylated Akt in the absence of PDGF induction (Fig. 2B) . Thus, JSRV envelopeinduced transformation of NIH 3T3 cells can apparently lead to PI3K-independent activation of Akt.
Another approach to eliminating PI3K from cells was also employed. Five isoforms of the regulatory subunit of PI3K have been identified, p85␣, p85␤, p55␣, p55␥, and p50␣ (31). p85␣, p55␣, and p50␣ are alternative transcripts from a single gene. In fibroblasts, p85␣ and p85␤ are the predominant isoforms. Mouse embryo fibroblasts in which both the alpha and beta isoforms of the p85 subunit were eliminated by gene targeting were prepared (785.2 and 785.9 cells). The generation of these fibroblasts will be described in detail elsewhere. Transfection of 785.2 and 785.9 cells with pCMV3⌬GP resulted in the appearance of transformed foci, although at a lower frequency than in NIH 3T3 cells (Table 3 ). It has also been found that other rodent fibroblast lines (e.g., Rat 6) show lower frequencies of transformation than NIH 3T3 cells (20) . The transformation was JSRV dependent, since parallel transfection with the nontransforming mutant pCMV3⌬GP(Y590F) resulted in no transformed foci. Moreover, when transformed foci were picked and cloned, they contained JSRV DNA. Restoration of p85␣ or p85␤ activity to 785.2 cells by infection with retroviral expression vectors did not increase the efficiency of transformation (Table 3 ). The morphologies of the transformed foci in these cells were the same regardless of whether p85␤ was expressed or not (Fig. 3) , and they were identical to the morphology of foci induced in NIH 3T3 cells previously described (20) . These results also suggested that JSRV-induced transformation of mouse fibroblasts does not require PI3K activity. However, these experiments did not rule out the possibility that PI3K activity resulting from the p55␥ regulatory subunit could be mediating transformation of the p85␣-p85␤ null cell lines by JSRV. These cells express p55␥, and they do show weak but detectable PIP3 formation or Akt phosphorylation upon PDGF treatment (unpublished data).
We also tested whether an inhibitor of PI3K activity, LY294002 (34), could inhibit JSRV-induced transformation. Long-term treatment with LY294002 has been used to inhibit transformation and focus formation by the v-crk oncogene in chicken embryo fibroblasts (2) . To determine an appropriate dose, viability of NIH 3T3 cells was measured in the presence of different concentrations of LY294002. At 20 M, cell viability was 40%, while at 10 M viability was not affected. As also shown in Fig. 2 , treatment of NIH 3T3 cells with this concentration of inhibitor resulted in substantial inhibition of Akt phosphorylation after PDGF treatment. Transformation assays of NIH 3T3 cells with pCMV3⌬GP in the presence or absence of 10 and 20 M LY294002 were performed, and transformed foci were scored after 3 weeks (Table 4 , experiment 1). There was a dose-dependent inhibition of focus formation, which could indicate PI3K-dependent transformation. However, it was also possible that LY290042 treatment might generally suppress cell transformation. Therefore, we also tested the effects of LY290042 on transformation by an oncogene that transforms independently of PI3K-v-mos (Table 4 , experiment 2). LY290042 treatment showed equivalent inhibition of transformation by JSRV envelope and v-mos. Thus, the inhibition of focus formation in JSRV-transformed cells was most likely due to a nonspecific effect of LY290042 on cell transformation in NIH 3T3 cells.
LY294002 was also tested for the ability to reverse transformation in NIH 3T3 or Rat 6 cells that were already transformed by JSRV. Treatment with the inhibitor did not result in morphological reversion of the transformed cells, nor did it reduce the ability of the transformed cells to grow in agar suspension (data not shown).
In summary, three different approaches all indicated that PI3K is not required for JSRV transformation of NIH 3T3 cells, even though the critical residues in the PI3K docking site in the cytoplasmic tail of TM are indispensable.
Transformation studies with a chimeric JSRV envelope protein. Normal uninfected sheep cells contain multiple copies of endogenous JSRV-related proviruses that are quite closely related to exogenous oncogenic JSRV (11) . We previously molecularly cloned several endogenous JSRV-related proviruses and found high sequence homology between exogenous and endogenous viruses, with the exception of three regions of variability: VR1, VR2, and VR3 (21). VR1 and VR2 are located in the gag gene, while VR3 maps to the section of the env gene corresponding to the C terminus-i.e., the membranespanning and cytoplasmic domains of TM protein. We previously generated chimeras with the endogenous (nontransforming) and exogenous (transforming) env genes and showed that exchange of only the C-terminal 35 amino acids from an endogenous virus TM protein (from the NruI site) with 39 amino acids of the exogenous JSRV TM protein led to loss of transformation (22) . This chimera, pCMV3⌬GP(NruIend), lacked the YXXM motif of JSRV, but it also contained additional amino acid differences. If the only residues downstream from the NruI site responsible for JSRV transformation were the PI3K docking site, then restoration of the YXXM motif into the chimera would be expected to lead to transformation. We generated an expression plasmid based on pCMV3⌬GP (NruIend) in which mutation of the histidine at 586 to tyrosine a NIH 3T3 cells were tested under standard conditions for transformation by pCMV3⌬GP or v-mos expression plasmid. In some cultures, LY294002 was added to the growth medium at the concentrations indicated; for these cultures, medium with fresh LY294002 was changed daily. The numbers of foci appearing after 4 weeks are given; the results of two experiments are shown.
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on October 1, 2017 by guest http://jvi.asm.org/ resulted in restoration of both the YXXM and YXNX motifs (YKNM), pCMV3⌬GP(NruIend ϩY). However, when this plasmid was tested in a NIH 3T3 transformation assay, no foci were observed (data not shown). This suggests that other residues in the cytoplasmic tail of JSRV TM protein besides the putative PI3K docking site are also important for transformation. Generation and analysis of epitope-tagged JSRV TM protein. As mentioned above, no antibodies to JSRV TM protein are available. Therefore, we generated a new JSRV envelope expression construct, pCMV3⌬GP(HA), in which an influenza virus HA epitope was fused to the C terminus of TM (Fig. 1) . When pCMV3⌬GP(HA) was transfected into 293T cells, immunoprecipitation or Western blot analysis with an anti-HA antibody resulted in detection of a protein of ca. 37 kDa, as would be predicted for TM protein (Fig. 4) . SDS-PAGE on a high-concentration gel did not reveal smaller (alternate) cleavage products (data not shown). HA-tagged versions of several mutant JSRV Env proteins were also generated (Fig.  1) . These included versions of two nontransforming mutants (Y590F and M593T) and one mutant that actually showed higher efficiency of transformation (N592T).
The HA-tagged versions of the JSRV env expression plasmids were tested for transformation in NIH 3T3 cells (Table  5 ). pCMV3⌬GP(HA) induced foci of transformation, indicating that the epitope-tagged JSRV envelope retained transforming ability. However, the efficiency of transformation was reduced approximately fivefold in comparison to that of the wild-type envelope protein. As expected, HA-tagged versions of the nontransforming mutants (Y590F-HA and M593T-HA) also did not transform NIH 3T3 cells. Interestingly, the HAtagged version of the N592T mutant (N592T-HA) showed transformation efficiency almost equivalent to that of the wildtype JSRV envelope. Foci from pCMV3⌬GP(HA)-and pCMV3⌬GP(N592T-HA)-transformed cells were picked and grown up. Western blot analysis with an anti-HA antibody revealed the expected 37-kDa TM protein (data not shown).
One potential concern about previous studies with the different JSRV env mutants was that the nontransforming mutants might have expressed less-stable envelope protein. The availability of the epitope-tagged versions of these mutants allowed us to address this possibility. Transient transfection of the different epitope-tagged expression plasmids into 293T cells, followed by Western blot analysis with an anti-HA antibody, indicated that all of the mutant proteins had similar efficiencies of expression (data not shown).
Intracellular localization of JSRV envelope protein. Another explanation for the inability of some mutant JSRV envelope proteins to induce transformation may be that the mutations altered the intracellular localization of the proteins. Based on the topology of the envelope protein in the virion, we previously hypothesized that the protein would assume the same topology in the transformed cell-i.e., with the TM protein spanning the plasma membrane and SU protein being extracellular. However, it was possible that mutations could have affected the intracellular localization. Indeed, a motif for trafficking of proteins to the plasma membrane is YXXL (12), quite similar to the critical YXXM in the cytoplasmic tail of JSRV TM. Therefore, we tested the intracellular localization of the epitope-tagged wild-type and mutant JSRV envelope proteins by transient transfection of the various expression plasmids into 293T cells followed by confocal immunofluorescent microscopy with anti-HA antibody. As expected, wild-type envelope protein [from pCMV3⌬GP(HA)-transfected cells] could be detected and showed a predominantly cell surface localization (Fig. 5b) . When pCMV3⌬GP(Y590F-HA)-and pCMV3⌬GP(M593T-HA)-transfected 293T cells were studied, they showed equivalent cell surface localizations of envelope protein. Thus, the lack of transformation by these mutants did not reflect altered intracellular localization.
We also studied the intracellular localization of JSRV envelope protein in NIH 3T3 cells transformed with pCMV3⌬GP (HA). In these cells, the distribution of envelope protein was more generally cytoplasmic (Fig. 5f) . NIH 3T3 cells transiently transfected with pCMV3⌬GP(HA) also showed a general cytoplasmic staining pattern, as did cells transfected with mutations in the YXXM motif (data not shown). Thus, while there was a difference in the intracellular staining patterns in 293T versus NIH 3T3 cells, mutations in the YXXM motif did not change the localizations for either cell type.
DISCUSSION
In the results described here, we directly tested the hypothesis that PI3K is necessary for transformation by JSRV envelope protein. This hypothesis was based on previous mu- tational analyses indicating that a YXXM motif in the cytoplasmic tail of the TM protein is necessary for transformation and the fact that JSRV-transformed cells show activation of the downstream Akt kinase (22) . However, results of four different experiments all indicated that PI3K is not necessary for JSRV transformation of NIH 3T3 cells. The dominant negative truncated ⌬p85 subunit of PI3K did not interfere with JSRV-induced transformation, either in cotransfection assays or in stably expressing cells. In addition, fibroblasts derived from p85␣/p85␤ double-knockout mice could still form foci after transfection with JSRV envelope. Finally, treatment of cells with the PI3K inhibitor LY294002 did not specifically inhibit focus formation, nor did it cause phenotypic reversion of JSRV-transformed fibroblasts. Therefore, PI3K is not necessary for establishment (or maintenance) of JSRV envelope-induced transformation, despite the requirement of the YXXM motif.
Results of other experiments also were not consistent with PI3K docking as the mechanism for JSRV transformation. PI3K docking would require that the tyrosine in the YXXM motif be phosphorylated. However, Western blotting of extracts from JSRV-transformed cells with an anti-phosphotyrosine antibody did not identify JSRV TM protein (data not shown). Pull-down assays with epitope-tagged JSRV envelope protein and PI3K p85 subunit also failed to demonstrate interaction between the two proteins (data not shown). Although these results were negative (and possibly simply represented technical difficulties), they also suggested that JSRV transformation does not involve PI3K.
While these experiments indicated that PI3K is not necessary for JSRV-induced transformation in fibroblasts, the downstream Akt kinase is indeed phosphorylated in JSRVtransformed cells, and it remains possible that Akt could be important for transformation. Other signaling pathways also lead to Akt phosphorylation (activation) (7, 16, 28) , and it is possible that JSRV envelope could activate one of those pathways as well. In fact, as shown in Fig. 2B , Akt is activated in JSRV-transformed NIH 3T3 cells lacking functional PI3K (the stable ⌬p85 transfectants). It remains to be determined whether the PI3K-independent activation of Akt is occurring from the cytoplasmic tail of JSRV TM or from other envelope protein domains.
These results indicate that JSRV envelope-mediated transformation involves interaction of the cytoplasmic tail with other signaling molecules besides PI3K. The cytoplasmic tail of TM protein is important for transformation, since a chimera exchanging the cytoplasmic tail of exogenous JSRV with that of endogenous (and presumably nontransforming) JSRV was nontransforming (22) . Thus, it will be interesting to search for relevant interacting molecules. To this end, we have initiated a yeast two-hybrid screen with the cytoplasmic tail of JSRV envelope as bait. It is also interesting that mutation of a valine residue in the cytoplasmic tail near the membrane-spanning region also abolishes transformation (N. Maeda and H. Fan, unpublished data). This could reflect another domain of the cytoplasmic tail in addition to the YXXM motif that is important for interaction with cellular proteins involved in transformation. The fact that restoration of the YXXM motif to the cytoplasmic tail of endogenous JSRV-related TM protein did not result in transformation also supports the notion that sequences in addition to this motif are important.
These experiments also raise the question of why mutations in either the tyrosine or methionine of the YXXM motif abolished transformation. These effects were relatively specific, since mutation of an adjacent asparagine residue (which eliminated a YXN binding motif for growth factor receptor binding protein 2) actually increased transformation efficiency. We considered the possibility that the nontransforming mutants were defective because of improper intracellular location of the envelope protein. However, confocal microscopy indicated that both wild-type and mutant envelope proteins showed a cell surface or plasma membrane localization in 293T cells, as expected for an envelope protein. It is possible that some other protein besides PI3K binds to the YXXM motif (perhaps even independently of tyrosine phosphorylation), resulting in transformation.
It should be emphasized that previous mutational analyses have demonstrated that the cytoplasmic tail of JSRV TM protein is necessary for transformation, but they have not shown that it is sufficient. It is possible that extracellular domains of TM or domains of SU are also important for transformation. To this end, we are studying a series of overlapping N-terminal deletion mutants of SU. Preliminary results indicate that elimination of the SU sequences, leaving only TM, eliminates or greatly reduces transformation in NIH 3T3 cells (A. Hofacre and H. Fan, unpublished data). Thus, domains of SU may be important for transformation as well. Given the multiple signal transduction pathways that can affect transformation, different pathways may be important for JSRV-induced transformation of different cells or cell types. In the case of the v-src oncogene of avian sarcoma virus (encoding the prototypical tyrosine-specific protein kinase), transformation in NIH 3T3 cells is dependent on signaling through c-ras (30) . On the other hand, in rat fibroblasts, v-src transformation is not exclusively dependent on c-ras (1). Recently, Allen et al. (5) have studied JSRV envelope-induced transformation in the avian DF-1 fibroblast cell line. They also found a requirement for the cytoplasmic tail of TM protein; however, mutation of the YXXM motif did not inhibit transformation, indicating signaling through different motifs in these cells. Other investigators have concluded that the YXXM motif is not necessary for transformation of rat 208F fibroblasts as well (A. D. Miller, personal communication). Most interestingly, it has recently been reported that JSRV envelope transformation of a human lung epithelial cell line involves interactions of the SU domain with the HYAL-2 receptor, with resulting activation of a transmembrane receptor tyrosine kinase (Stk/RON) (9). Thus, both the SU and TM domains of JSRV envelope protein may be important for transformation, and the importance of different domains may differ depending on the cell types and lines studied.
In summary, these experiments indicate that while the cytoplasmic tail of JSRV envelope protein is necessary for transformation of NIH 3T3 cells, docking of PI3K is not essentialeven though activation of Akt can be demonstrated in cells transformed by JSRV envelope. Binding of some other signaling protein(s) is presumably important for transformation, which may or may not involve Akt. Ultimately, the question is whether the ability of JSRV envelope to transform NIH 3T3 cells is related to oncogenicity in vivo. It will be important to build nontransforming envelope mutants back into replicationcompetent JSRV and test whether they cause lung tumors in sheep. Some of the transformation-negative envelope mutants yield infectious virus in tissue culture (e.g., Y590F and Y590D), and in vivo experiments with them are planned.
